d
amage of organs other than the brain often complicates neonatal hypoxic-ischemic (HI) encephalopathy (NHIE) after perinatal asphyxia (1, 2) . There is a stepwise increase in the rate of adverse outcomes as the number of additional organs involved increase in newborns with NHIE (2) . Lungs are often affected: depending on the definition criteria, 25 to 86% of HIE infants develop signs of respiratory dysfunction (1, 2) . Extracerebral impact of perinatal asphyxia has been uniformly attributed to the redistribution of blood flow and/or the effects of global hypoxia-ischemia (2, 3) . Observational studies from adults indicate that lung injury may develop after local brain damage such as intracranial hemorrhage, traumatic brain injury, or ischemic cerebral stroke (4) (5) (6) . For these conditions, the incidence of lung injury is related to the severity of brain damage and represents an independent factor associated with poor clinical outcome (7) .
Although the etiology of respiratory dysfunction after brain damage in adults is not completely understood, inflammation is thought to play a key role, together with other mechanisms such as neurogenic pulmonary edema, left ventricular dysfunction, or infection (8, 9) . In adult animal models and in patients suffering from subarachnoid hemorrhage, brain injury leads to a systemic inflammatory response with upregulation of inflammatory mediators such as TNF-α, intracellular adhesion molecule-1, IL-1β, and NF-kB and reactive oxygen species, microglial activation, and neutrophil accumulation (5, 9, 10) . It has been hypothesized that lung injury might be triggered by the spread of that (such a systemic) response, favored by the disruption of the blood-brain barrier in the context of this inflammatory process (10) . Such a cascade of events is not privative for the brain. For instance, bilateral renal ischemia is followed by an increase in serum IL-1, IL-6, and IL-12 and lung injury in mice (11) . Similarly, intestinal ischemia-reperfusion injury induces acute lung injury in rats, with cellular infiltration, microvascular dysfunction, and interstitial edema (12) .
Since systemic inflammation and oxidative stress, together with blood-brain barrier disruption, are events typically taking place in NHIE pathophysiology (13, 14) , it is attractive to hypothesize that the aforementioned mechanisms for distant lung injury after brain damage might be involved in the lung dysfunction accompanying newborn HIE. Previous studies reported that lung compliance and gas interchange are impaired in newborn piglets after brain HI insults (15, 16) , pointing to the existence of lung injury in that scenario.
The aim of this work was to demonstrate specifically the existence of brain HI-induced lung injury and to study the underlying mechanisms using a newborn piglet model of HI brain damage. Table 1 shows the homeostatic parameters of the four different groups. No statistically significant differences were found Articles Arruza et al.
RESULTS

Homeostatic Parameters
between groups in cardiac output at all time points. However, HI led to a significant drop in mean arterial blood pressure that persisted throughout the experimental period, so that half the number of HI piglets required substantial inotropic support (dopamine, mean dose: 13 ± 4 μg/kg/min) to maintain appropriate mean arterial blood pressure values. Interestingly, such a drop in mean arterial blood pressure was not observed in the hypoxic (HYP) or ischemic (ISC) groups, with only one piglet from each of those groups receiving inotropic support (dopamine 7.5 μg/kg/min) by the end of the experiment. No control (SHM) piglet needed inotropic support. Whereas no variation in pCO 2 was observed in piglets throughout the experiment, a transient but significant decrease in blood pH and in cerebral and somatic rSO2 was observed during the hypoxemic period in HI and HYP groups. Brain ischemia alone, as in ISC, led to a milder but significant drop in cerebral rSO2 with no changes in somatic rSO2. Hematocrit remained stable throughout the experiment for all groups.
Brain Damage
Assessment of brain damage. Continued sedoanalgesia determined that amplitude-integrated EEG (aEEG) amplitude decreased slightly in SHM animals throughout the experiment (Figure 1) , although this effect was not associated with an impairment of background EEG activity and/ or the EEG pattern (data not shown). HI led to a dramatic decrease in brain activity that did not recover during the following 6 h (Figure 1 ). Hypoxia and ischemia alone led to a slight decrease in aEEG amplitude during the insult, but in this case, aEEG regained normal amplitude to the end of the experiment. Throughout the experiment, aEEG amplitude in HYP or ISC was statistically significantly higher than that in HI (Figure 1) .
Analysis of Nissl-stained brain tissue revealed a reduced number of normal neurons in HI as compared with SHM with a 5-fold increase in the percentage of nonviable neurons in the frontoparietal cortex and a 10-fold increase in the hippocampus (Figure 2a) . Brain histology was similar in HYP and ISC to SHM.
HI-induced neuroinflammation.
Cerebral HI induced a local inflammatory response as evidenced by an increase in IL-1β concentration in brain tissue as compared with SHM ( Figure 3 ). Brain IL-1β concentration was similar in HYP or ISC to SHM.
Blood Inflammatory Markers
HI led to an increase in IL-1β serum levels as compared with SHM-an increase not observed in HYP or ISC (Figure 3) . Interestingly, a positive correlation was found between brain and serum IL-1β concentrations (R 2 = 0.75; P < 0.05). Data are expressed as mean (SD). *P < 0.05 vs. SHM; § P < 0.05 vs. HI. B, baseline; C, cerebral; CO, cardiac output; E, end of observation period; HI, hypoxiaischemia group; Ht, hematocrit; HYP, hypoxia group; I, insult; ISC, ischemia group; MABP, mean arterial blood pressure; rSO2, regional oxygen saturation; S, somatic; SHM, control group; SpO 2 , oxygen saturation. 
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Lung Damage
Assessment of lung damage. Dynamic compliance (Cdyn) remained unchanged in the SHM group over the study period. By contrast, HI led to a fall in Cdyn as of 6 h after HI (Figure 4) . Cdyn remained similar to SHM in HYP or ISC. Oxygenation index (OI) also remained stable during the experiment in SHM but showed a continued increase after HI, so that by the end of the experiment, the OI was statistically significantly greater in HI than that in SHM (Figure 4) . In HYP or ISC, the OI remained similar to SHM throughout the experiment.
Hypoxia and/or ischemia were associated with an increase in extravascular lung water (EVLW) as compared with SHM during the insult (Figure 4) . Subsequently, ELVW tended to normalize but further increased in HI, so that by the end of the experiment, ELVW was significantly greater in HI than that in SHM. Such a final increase in ELVW was not observed in HYP or ISC, so that by the end of the experiment, ELVW was similar in those groups and in SHM.
HI led to histologic lung damage evident 6 h after the insult. Thus, HI piglets showed higher severity scores as compared with the SHM group, mainly because of the existence of interstitial leukocyte infiltration, congestive hyperemia, and interstitial edema (Figure 2b) . Severity score was not statistically different in HYP or ISC compared with SHM.
Assessment of lung inflammation. HI was associated with an increase of IL-1β content in lung tissue, as compared with SHM (Figure 3) . IL-1β content was similar in HYP or ISC to SHM.
Remarkably, IL-1β concentrations in lung tissue correlated with that in brain tissue (R 2 = 0.45; P < 0.05) and plasma (R 2 = 0.61; P < 0.05) (Figure 3) . The HI insult led to a 250% increase in broncoalveolar lavage fluid (BALF) total protein concentration from the basal condition to the end of the experiment (Figure 5) . No statistically significant increase in BALF protein content was observed in the other groups (P < 0.05).
DISCUSSION
In this work, we report for the first time that HI brain insult was associated with inflammatory lung damage in newborn pigs. This was demonstrated by functional, histologic, and biochemical studies. Animals subjected to HI showed signs of pulmonary dysfunction with increased ventilatory needs because of decreased lung compliance and impaired gas exchange. The lung is one of the most commonly affected extracerebral organs in NHIE, and ventilatory support and high oxygen requirements are frequently needed in these patients (1, 2) . We observed increased EVLW in HI piglets throughout the experimental period. In the absence of cardiac dysfunction, EVLW is a good indicator of noncardiogenic pulmonary edema earlier and more sensitive than other parameters such as chest x-ray or OI (17) . It has been validated against the gold-standard gravimetric method in animal models and the in vivo double indicator technique (18, 19) . Interestingly, EVLW is increased in patients suffering from stroke (6) or intracranial trauma (20) . The relationship of EVLW with lung edema agrees with our finding of histologic lung damage in HI piglets, which mainly consists of interstitial leukocyte infiltration, congestive hyperemia, and interstitial edema. To the best of our knowledge, this is the first study to assess lung histology in a neonatal animal model of cerebral HI. Altogether, these findings pointed to lung inflammatory damage. In support, we observed an increase in total protein concentration in BALF from HI piglets. Total protein concentration in BALF is a direct indicator of vascular permeability and alveolar epithelium integrity (10) . Increased vascular permeability can be a consequence of vascular damage or the result of a cell-mediated inflammatory response (21) . In agreement, we found an increased concentration of IL-1β in lung tissue from HI piglets. It has been reported that IL-1, IL-6, and other inflammatory mediators such as COX-2, LTB4, or Articles intracellular adhesion molecule-1 are increased in lung tissue after traumatic brain injury (9, 10) . All changes observed in the lung in our experiments were linked to the existence of an HI insult, since neither hypoxia nor brain ischemia alone led to significant lung damage in our experiments. However, due to the design of our work, we cannot rule out entirely that hypoxemia could affect lungs to some extent. Sustained hypoxemia leads to pulmonary hypertension because of lung artery vasoconstriction in ~10 to 25% of infants with NHIE (2). Transient pulmonary hypertension is observed during and after 60 min of hypoxemia in piglets subsequently resuscitated with 21% oxygen (22, 23) . In agreement, in our experiments, a shorter duration of the hypoxemic episode was not sufficient to induce significant and sustained pulmonary hypertension, as reflected by the prompt normalization of the OI in the HYP group. It is well known that a combination of hypoxia and ischemia is needed to induce brain damage in newborns (13) . In fact, in experiments in which only hypoxemia was induced in newborn animals, brain damage only appears when hypoxemia is long enough to induce hypotension and thus ischemia (24) . In agreement, in our experiments, the hypoxic episode lasted for just 30 min; it was not associated with hypotension and thus did not lead to either histologic brain damage or sustained impairment in aEEG activity. Prolonged ischemia, for instance, because of sustained hypotension, may lead to brain damage in newborn pigs (24) . In our experiments, however, the ischemic episode did not last long enough to induce histologic or functional (aEEG) brain damage. This may, at least in part, be because of the fact that during such a short ischemic period, some remaining cerebral blood flow may exist despite the bilateral carotid compression thanks to the vertebral circulation, as suggested by the modest decline in crSO 2 in ISC piglets during the ischemic episode. HI events trigger a cascade of events leading to brain damage. Among these, three variables constitute the "deadly triad": excitotoxicity, oxidative stress, and inflammation. HI, traumatic, or hemorrhagic brain injury induces an inflammatory response characterized by activation of microglia, release of excitatory amino acids, reactive oxygen species, nitric oxide, proteases, and proinflammatory cytokines (13, 25, 26) . Neutrophil infiltration further increases local accumulation of reactive oxygen species and cytokines (13, 25) . The importance paid to inflammation in NHIE pathophysiology has been on the rise recently (26) . Among the different proinflammatory cytokines, IL-1 is especially important in the context of HI-induced brain damage (25) , with IL-1 levels increasing in the cerebrospinal fluid of HI infants in parallel with the severity of encephalopathy. Indeed, this cytokine predicts HI brain injury better than TNFα (27) . In this work, we confirmed that hypoxia and ischemia together are needed for IL-1β levels to be increased in the brain since IL-1β concentration was similar in HYP or ISC to SHM. NHIE is often followed by distant organ injury (1, 2) . This complication has been classically attributed to a compensatory mechanism of redistribution of blood flow (diving reflex) to organs such as the brain, myocardium, or adrenal glands (2,3). Alvarez et al. (15) reported decreased lung compliance and increased OI after brain HI in piglets. These findings were attributed to ventilator-induced lung injury. However, in our study, the same ventilation protocol was applied in all groups, but lung injury was observed only in HI piglets. Thus, we can rule out a ventilator-induced lung injury. Interestingly, in our study, we found an increase in plasma IL-1β levels following HI brain injury. Proinflammatory cytokines such as IL-6, IL-10, IL-1β, or TNF-α are elevated in the blood of infants with HIE (14) . Studies in animal models of brain injury suggest that the aforementioned inflammatory response is not limited to the brain and may spread to distant organs (9, 10) . In fact, severe brain injury induces release of inflammatory mediators such as TNF-α, IL, and intracellular adhesion molecule-1 into the systemic circulation (28) thanks to the increase in blood-brain barrier permeability that follows inflammatory brain injury (10, 29) . In our study, the linear relationship between IL-1β concentration in brain tissue and plasma, and between IL-1β concentration in plasma and the lung, supports a pathophysiologic link between brain and lung damage after a brain HI insult in piglets. Wu et al. (9) report a transient elevation in IL-1β in the lung of rats exposed to hemorrhagic brain injury, which is parallel to an increase of this cytokine in the brain. In this regard, several clinical studies in stroke patients demonstrate a correlation between the severity and extent of brain injury and the degree of systemic inflammatory response (30, 31) . Furthermore, thrombolysis in this setting, and thus reduction of the ischemic brain area, is followed by decreased plasma levels of inflammatory parameters (30) .
To the best of our knowledge, the lung injury mechanism we propose in our study, linking cerebral HI and inflammatory lung damage, has never been specifically investigated in newborns. However, several studies have investigated the effects on the lung of ischemia-reperfusion injury in other organs. Renal ischemia-reperfusion, for instance, induces histologic lung damage and increases pulmonary vascular permeability and expression of proinflammatory cytokines in lung tissue (11, 32) . Some studies also demonstrate a link between intestinal ischemia-reperfusion injury and lung damage (12, 33) . Although much less studied, lung injury can also induce inflammatory brain damage. In this regard, a recent experimental study demonstrates that ventilation with excessive tidal volume during resuscitation at birth induces lung injury and triggers brain inflammation (34) . Characteristically, the lung, whose epithelial surface area is so vast that its cross-sectional area is approximately the size of a tennis court, receives most of the systemic blood flow (35) . These factors make the lung both a potential source and a target organ for a systemic inflammatory response, as reported in acute respiratory distress syndrome (36) and traumatic brain injury (10) . Altogether, those data suggest that ischemia-reperfusion injury and/or inflammation may establish a crosstalk between organs spreading the inflammatory process to induce distant damage.
This study has some limitations. Firstly, the animal model we used, although widely accepted, is based on the combination of local cerebral ischemia and systemic hypoxia, whereas in the clinical setting NHIE occurs in the context of global ischemia and/or hypoxia, for example, after interruption of placental blood supply (13) . However, this peculiarity enabled us to isolate and independently investigate the specific role of cerebral HI and reperfusion injury in the generation of lung damage. Another limitation is the short period of study. This could determine that lung injury was significant but not very severe. Such a short period of study, however, allow us to avoid the detrimental effects of mechanical ventilation by itself, as suggested by the mild signs of lung damage appearing even in SHM animals after 6 h of ventilation. Therefore, lung damage observed in our experiments could be attributed to the pathological condition and not to iatrogenic effects. Nevertheless, further studies investigating medium-and long-term effects of cerebral HI on lungs are warranted. Finally, since in our model we avoided severe systemic hypoxemia and/or hypotension to prevent a significant effect of those conditions on lung, the resulting brain damage was not severe. This indicates that even mild brain damage was able to induce distant lung damage. Nevertheless, further studies investigating the effects of severe cerebral HI damage on the lungs would be of great interest.
We can draw the conclusions that in newborn piglets cerebral HI triggers per se inflammatory lung damage that cannot be attributed to the effects of systemic hypoxia. Our results suggest that this is because of a local inflammatory response not confined to the brain, as reflected by the elevation of inflammatory mediators in serum, spreading to a distant organ such as the lung where it induces histologic and functional damage. Thus, we propose an additional mechanism to account for the development of lung dysfunction after neonatal HIE, together with other well-known mechanisms such as redistribution of organ blood flow. Determining the relative importance of those mechanisms warrants further research.
METHODS
